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Abstract: Metal nanoparticles (MNPs) embedded dielectric thin films are very crucial for many optoelectronic 
applications. This report investigates various ways of tuning the plasmonic properties of such nanocomposite thin 
films. For this, the well-known plasmon resonance condition was first generalized to include the shape and volume 
fraction of MNPs. This was followed by deriving an empirical formula for the resonance position (λR) which was 
worked out to be the positive root of a quadratic equation. The coefficients of the deduced quadratic relation 
involve the parameters obtained from the empirical fit to some of the experimental dielectric functions of MNPs 
available in literature. The derived working formula enables research community to tune the LSPR of 
nanocomposites in the whole range of visible wavelengths. The derived formula also concluded that with known 
lower volume fractions, shape of MNPs affects λR the most, compared to the other parameters. The derived formula 
was validated by calculating the full extinction spectra. It was shown for the first time that there exists an optimum 
value of oblate shape to give maximum resonance for a given nanocomposite. 





Noble metal nanoparticles (MNPs) have appealed researchers a lot with respect to the fundamental as well as 
emerging applied research because of their fascinating optical properties [1-3]. The exciting optical properties 
appear because of the well-known phenomenon of localized surface plasmon resonance (LSPR) which is the result 
of coherent oscillation of free electron density at the metal-dielectric interface at the expense of the incident light 
energy. A peak (fall) in the optical absorbance (transmittance) is the experimental signature of the LSPR occurring 
in a system. Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) are of particular interest, because the 
LSPR for these metals occur in the visible region of electromagnetic spectrum. The tunable nature of LSPR leads 
to a large number of applications of AuNPs in the fields of plasmonics, bioscience, sensors and optoelectronics 
[4-7]. The LSPR positions can become easily tunable in the visible-near infrared region of electromagnetic 
spectrum if the shape, size, structure and environment of the particles can be controlled. Among the mentioned 
variations for tunability, controlling environment becomes an easy when the nanoparticles are embedded inside 
another dielectric matrix. It is even more advantageous for several applications, if the surrounding matrix is 
transparent the region of LSPR occurrence. Moreover, for some of the plasmonics based optoelectronics 
applications such as visible photodiode, plasmonic solar cell, and visible light photoconductivity etc., precise 
control in tuning of plasmonic properties in the visible range is important [7-9].  
The well-known Mie theory and its modifications [10-11] explain the optical properties of isolated spherical 
and ellipsoidal MNPs inside a dielectric medium. As per Mie theory, the extinction cross section (σext) of the dipole 









(𝜀𝜀1 + 2𝜀𝜀𝑑𝑑)2 + 𝜀𝜀22
�                                                                     (1) 
 
where, ε1 and ε2 are respectively the real and imaginary parts of the frequency dependent dielectric function of the 
metal, εd is the dielectric constant of the surrounding medium and R is the radius of the nanoparticle. The spectral 
position of LSPR is governed by the well-known plasmon resonance condition which can be deduced from Eq. 1 
as 
 
𝜀𝜀1 = −2𝜀𝜀𝑑𝑑                                                                                                               (2) 
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Equation 2 is also known as Frӧhlich condition (FC) [12]. The wavelength at which Eq. 2 is satisfied is the 
LSPR position (λR). The factor of 2 in Eq. 2 is for spherical shape and takes different real and positive values other 
than 2 for non-spherical shapes. It may be noted that Eq. 2 has only shape and material dependence, pointing out 
that λR does not change with size. Nevertheless, the size contributes to the strength of resonance through the R3/λ 
term in Eq. 1. There are many experimental reports on tuning the plasmonic positions including for the cases of 
nanostar, nanocube, nanorod, and AuNP-polymer composite etc. [13-18]. Even theoretical simulations have been 
performed by Eremina et al [19] for the nanoparticles of oblate shapes supported on different substrates, showing 
the variation of λR with different aspect ratios. Recently, Sun et al performed similar experiment and theoretical 
calculations for Au-Ag alloy nanobars [20]. Almost all the tuning related works reported so far in the literature 
revolve around the variation of λR with respect to the variation in shape and surrounding dielectric medium as per 
Eq. 2. Despite of many known important consequences of tuning, any direct working formula for λR is not found 
in literature for embedded MNPs, particularly, in the case of thin film nanocomposites. With the emergence of 
new and highly controllable fabrication schemes [21-22], such working formula turns out to be even more crucial 
need of the hour. 
The present work revisits the resonance condition for nanocomposite thin films so as to include the shape and 
volume fraction, and for the first time (ii) derives a working formula that helps in tuning the plasmonic position 
and (ii) demonstrates the existence of an optimum shape for maximum optical density for a given pair of metal 
nanoparticle-dielectric film combination. 
 
2. Theoretical Details 
 
When light passes through a medium containing small particles, the transmitted intensity reduces along the 
distance of the medium as a result of scattering and absorption of light by the particles, and is given by  
 
𝐼𝐼 = 𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑛𝑛𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑧𝑧)                                                                                      (3) 
 
The quantity 𝑛𝑛𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑧𝑧 is also known as the optical density of the medium, which depends on the distance (z) 
travelled by light inside the medium, the number density (n) of the particles in the medium and the extinction cross 
section (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒) of a single particle. The extinction cross section contains the contributions from both absorption and 
scattering through the linear relation 
 
𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜎𝜎𝑎𝑎𝑠𝑠𝑎𝑎                                                                                             (4) 
 
where 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝜎𝜎𝑎𝑎𝑠𝑠𝑎𝑎 are respectively the absorption and scattering cross sections of the particle. The extinction 









|𝛼𝛼(𝜆𝜆)|2                                                                                    (5b) 
 
with ‘Im{α(λ)}’ being the imaginary part of α(λ). Equations 3-5 indicate that the incident light energy is used in 
polarizing the particle of the medium. The polarizability of the particle depends on the material properties of both 
particle and the surrounding, size and shape of the particle and the incident light wavelength. The general 
expression for the diagonal elements of the polarizability tensor for an ellipsoidal particle with a, b, c as the major 






𝐿𝐿𝑗𝑗(𝜀𝜀 − 𝜀𝜀𝑑𝑑) + 𝜀𝜀𝑑𝑑
                                                                       (6) 
 
The frequency dependent dielectric function of the metallic particle, in general a complex quantity, is expressed 
as  
 
𝜀𝜀 = 𝜀𝜀1 + 𝑖𝑖𝜀𝜀2                                                                                                  (7) 
 
Li, called as the depolarization factor along the ith axis of the ellipsoid, is a function of ratio of axes such that 
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= 1                              ∀𝑖𝑖                                                                    (8) 
 
For a sphere L1 = L2 = L3 =1/3.  
Looking at the rarity of both theoretical and experimental studies on the general case of ellipsoidal particles, 
the present discussion is limited to spheroids only. Spheroid, also known as the ellipsoid of rotation, is a special 
case of an ellipsoid when two of the axes of the ellipsoid are equal. A spheroid can be either a prolate (a=b<c) or 
an oblate (a=b>c). Thus, for a spheroid, L1 = L2 = L and L3 = Lz. The functional dependences of L on the axes 
dimensions are different for oblate and prolate. In the case of thin film nanocomposites, only L is active (Lz falls 





�𝜋𝜋 − 2𝑒𝑒𝑞𝑞 − 2𝜋𝜋𝑎𝑎𝜋𝜋𝑎𝑎𝑎𝑎
𝑒𝑒
𝑞𝑞
�                                                                 (9) 
 
where, 𝑞𝑞 = √1 − 𝑒𝑒2 with e (< 1)= height /Diameter=h/2R and R is the in plane radius of the oblate. Finally, the 
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− 1                                                                                                 (11) 
 
Thus, for a sphere, K=2. 
 The frequency or wavelength dependency of 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒  comes from the dielectric function of the MNPs. After 
using Eq. 9 in Eq. 5, the condition for the maximum extinction, which is also known as the resonance condition, 
can be written as 
 
𝜀𝜀1𝑅𝑅 = −𝐾𝐾𝜀𝜀𝑑𝑑                                                                                             (12) 
 
It is clear from Eq. 12 that since both K and  𝜀𝜀𝑑𝑑 are positive, the embedded particles need to be of some metal 
for a resonance to occur. With K=2, Eq. 12 reduces to the well-known FC for isolated spheres in a medium. The 
resonance condition given by Eq. 12 is only a relation among the dielectric function and shape of the MNPs, and 
the surrounding dielectric constant. Equation 12, however, can be used to arrive at the resonance condition 𝜆𝜆𝑅𝑅 if 
the expressions for 𝜀𝜀1 and 𝜀𝜀2 as a function of wavelength are used. For this, the common practice is to use eithr 
the Drude free electron model or the Lorentz-Drude model both of which provide the frequency dependent 
dielectric function of metals [24]. This practice has also been adopted for metal-dielectric nanocomposites earlier 
[25]. However, many experimentally determined dielectric function data deviate substantially from the free 
electron based theoretical models. The main reason of the deviation seems to be the quality and dimension 
(bulk/thin film/thick film/nanoparticles) of the material, originated from the method preparation. Therefore, proper 
modeling of LSPR positions requires the consideration of the practical values. Hence, some of the reported 
experimental data were fitted in the range 500-900 nm and 400-800 nm to find 𝜀𝜀1(𝜆𝜆) for Au and Ag respectively. 
From the fit, the functional dependency of 𝜀𝜀1(𝜆𝜆) was found to be 𝜀𝜀1(𝜆𝜆) = 𝜋𝜋 − 𝜋𝜋𝜆𝜆 − 𝜋𝜋𝜆𝜆2, where the values of a, b 
and c are as summarized in Table 1 for the two sets of data each for Au and Ag. The raw data sets were taken from 
a free downloadable database. 
 
Table 1. Fitting details for finding 𝜀𝜀1(𝜆𝜆) of published experimental data of Au and Ag. 
 Au Ag a b c a b c 
Emprical 1* 21.6 3.4 x10-2 2.9x10-5 8.5 1.6 x10-2 4.2 x10-5 
Emprical 2** 19.1 2.6 x10-2 3.5x10-5 6.1 5.5 x10-3 4.5 x10-5 
      *Ref-26,  ** Ref-27 & 28 for Au and Ag respectively. 
 
It is clear from Table 1 that even though the orders of magnitude are same, the actual values of the co-efficients 
vary for the different experimental data. This reiterates the fact that experimental conditions cannot be neglected 
while modelling the plasmonic properties. For example, the Johnson and Christy (JC) data provides the dielectric 
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function for micrometer thick films whereas the data reported by Rosenblatt (RB) and Ciesielski (AC) give that 




2 + 𝜋𝜋𝜆𝜆𝑅𝑅 − (𝜋𝜋 + 𝐾𝐾𝜀𝜀𝑑𝑑) = 0                                                                      (13) 
 
It is clear that both the roots of Eq. 13 are real. Considering the physical significance, the positive root of Eq. 
13 gives the empirical working formula for resonant wavelength as 
 
𝜆𝜆𝑅𝑅 =
�𝜋𝜋2 + 4𝜋𝜋(𝜋𝜋 + 𝐾𝐾𝜀𝜀𝑑𝑑) − 𝜋𝜋
2𝜋𝜋
                                                                      (14) 
 
The models for isolated particles as mentioned in Eq. 12 do not work for the samples having embedded 
aggregates of MNPs. Additionally, LSPR peak features dramatically deviate for aggregates involving MNPs with 
non-spherical shapes, when compared to the spherical counterparts with equivalent volume. Effective medium 
theories are used to explain the optical properties of such systems. Dynamical Maxwell-Garnet (DMG) theory [29] 
is one such effective medium theory that takes the non-spherical shape into account while explaining the optical 
properties of aggregates of MNPs under the assumption of low volume fraction of MNPs. As per DMG theory, 
the effective dielectric function (𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒) of a two phase composite system is given by 
 
𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑑𝑑
𝜀𝜀 + 𝐾𝐾𝜀𝜀𝑑𝑑 + 𝑓𝑓𝐾𝐾(𝜀𝜀 − 𝜀𝜀𝑑𝑑)
𝜀𝜀 + 𝐾𝐾𝜀𝜀𝑑𝑑 − 𝑓𝑓(𝜀𝜀 − 𝜀𝜀𝑑𝑑)
                                                                  (15) 
 
Equation 15 helps to find the resonance condition in the following way. In general, εeff is complex (through ε) 
whose real and imaginary parts are respectively responsible for scattering and absorption. Since the optical density 
is directly proportional to the extinction cross-section, resonance condition in optical density can be characterized 





� 𝜀𝜀𝑑𝑑                                                                                           (16) 
 
Equation 16 is the generalized plasmon resonance condition that involves both volume fraction and shape of 
the nanoparticles. Since K can have 3 different values as mentioned in Eq. 9, there can be three different instances 
of the resonance condition being satisfied for arbitrary suspension of ellipsoids in a medium. It can be easily seen 
that Eq. 16 reduces to Eq. 12 when the volume fraction approaches zero. Another important aspect of the 
generalized resonance condition is realized in the following way. The FC predicts that the resonance position red 
shifts with increase in the εd. The corresponding shape dependent variant (Eq. 12) additionally predicts that 
resonance position red shifts with the shape becoming more and more away from the spherical shape for a given 
pair of metal-dielectric combination. However, both of the earlier expressions predicted no effect on the LSPR 
position upon changing the concentration of nanoparticles by either changing the size or number density or both 
of the nanoparticles. In fact, the volume of the nanoparticle is included in the polarizability of the particle, and acts 
just as a scaling factor for the resonance strength. The generalized resonance condition given in Eq. 16 indicates 
that LSPR position also changes with volume fraction.  After including the generalized resonance condition, the 
working formula for tuning the LSPR position becomes  
 
𝜆𝜆𝑅𝑅 =
�𝜋𝜋2 + 4𝜋𝜋(𝜋𝜋 + 𝜓𝜓) − 𝜋𝜋
2𝜋𝜋







� 𝜀𝜀𝑑𝑑                                                                                              (17𝜋𝜋) 
 
3. Numerical results and discussion 
 
Figure 1 represents the surface plots showing the variation of LSPR position with volume fraction and shape 
factor for both AuNPs and AgNPs embedded in media that are recognized with different values of dielectric 
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constants. The media chosen for the analysis here are silica glass (SiO2, εd=2.25) alumina (Al2O3, εd=3.14) indium 
tin oxide (ITO, εd=4). It is to note here that all the media chosen here represent some of the materials that are useful 
in many practical applications. For the sake of theoretical comparison the calculations were also performed for air 
as one of the media and are given Fig. 1. However, it is noteworthy that MNPs embedded air is not a practically 
feasible system, as nanoparticles cannot be suspended in air without the support of a substrate of εd >1. As can be 
seen from Fig. 1, changing the medium shifts the whole surface even for the lowest values of f and K. The vertical 
separations at K=10 and f=0 are 375 nm and 400 nm respectively for AuNPs and AgNPs, when the embedding 
media are changed from air to ITO. The corresponding values at K=2 and f=30 % are ~145 nm and 180 nm 
respectively for AuNPs and AgNPs. This indicates that changing embedding medium has more effect on higher K 
values for a given f value. The effect is highest, as expected, at K=10 and f=30%. Thus, for a unit change in εd, the 
LSPR position changes by 40-80 nm. The importance of this outcome of Fig. 1 lies in the fact that in most of the 
practical situations, εd can easily change by a fraction of unity even from one batch to another during the growth 
thereby changing the LSPR position by ~5-10 nm from the intended value. Hence, observation of such changes in 
λR is very common for nanocomposites formed with metal oxides. When the individual changes in the LSPR 
positions of AuNPs and AgNPs are compared, all the trends look similar except for (i) the absolute values of the 
LSPR positions and (ii) the variations relative to a particular parameter are slightly higher in AgNPs. While the 
first exception can be understood to be due to the different values of ε1 at same wavelength for Au and Ag as 
reflected in Table 1, the second exception was further analyzed elaborately as shown in Fig. 2. Figure 2a and b 
show the relative changes in λR for unit change in K for the media glass and ITO. Similarly, Fig. 2c and d show 
the corresponding values for every 1% change in the volume fraction. It was found using the expression for K that 
changing K by one unit involves decreasing the height by 5-6 nm for an oblate with in-plane radius of 25 nm. It is 
clear that for unit change in K, LSPR position changes by 30-60 nm for AuNPs and 30-80 nm for AgNPs. Similarly, 
for every 1% change in f, LSPR position changes by 1-5 nm. Another noteworthy observation is that sensitivity of 
LSPR decreases with increase in K but shows reverse trend with f. The combined analysis of the derived working 
formula through Figs. 1 and 2 indicate that among the three parameters discussed here, changing shape has the 
maximum effect on shift in LSPR position. 
 
  
Fig. 1. Variation of LSPR with volume fraction and shape factor for AuNPs and AgNPs embedded in different 
media. 
 
Figure 3 shows the extinction cross-section (σext) of the isolated AuNPs embedded in different media, calculated 
by making use of Eq. 9 followed by using Eqs. 2-4.The radius of the oblate used during the calculation was 25 nm. 
Calculations for cross-section were initially performed with different dielectric function data. However, no 
substantial change was observed with varying the empirical dielectric function data. Therefore, for all the results 
shown here, only JC data has been used. As can be seen in Fig. 3, both the position and intensity of σext varies with 
changing K and εd. When the radius was varied, keeping the shape fixed, only overall intensity was found to change 
with no change in position. For a given medium, position of σext keeps on increasing with increase in K. However, 
the trend for the resonant value of σext (σR) shows an initial increase followed by decrease in the wavelength range 
shown here. Similar variation in σR with K was also observed in the case of AgNPs embedded inside different 
media as shown in Fig. 4. It may be noted as shown in both Figs. 3 and 4 that beyond certain values of K, the 
LSPR position does not remain within the visible range. For AuNPs inside ITO, the maximum value of K to get a 
resonance in the visible region is ~7. Similarly, for AuNPs inside air, SiO2, and Al2O3, the maximum values of 
77




K are respectively 25, 12 and 9. The corresponding values for AgNPs inside air, SiO2, Al2O3 and ITO are 40, 12, 
9 and 7 respectively. When the spectra for AuNPs and AgNPs are compared, the first observation is the difference 
in the overall value of σR which is more than one order of magnitude higher for AgNPs for the same set of 
parameters.        
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Fig. 2. Relative changes in λR for unit change in K (a & b) and for every 1% change in the volume fraction (c 
& d) for the media glass and ITO. 
Fig. 3. The calculated extinction cross-section (σext) of the isolated AuNPs embedded in different media. 
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The most important difference between the calculated extinction cross sections for Au and Ag appears in the 
form of the width of the peaks. The full width at half maxima (FWHM) is smaller in case of AgNPs. Also, the 
trend in variation of σR with K is different compared to that in the case of AuNPs. Figure 5 shows such trends 
separately for different media. In Fig. 5, only σR values have been plotted against K. The optimum K values (KR) 
showing the maximum strength of resonance are also mentioned in each panel along with the corresponding aspect 
ratio of the oblate (h/R). The value of KR decreases with increasing εd for AuNPs. However, there appears to be 
two such optimum values for each media in case of AgNPs. For media with high εd, the second one falls in the 
visible range. Whereas the values of K indicated in Fig. 5e and f are the second optimum ones, the value indicated 
in Fig. 5g is the first optimum. For AgNPs in air, the second optimum does not fall in the range of K-values shown 
here. In addition to the analysis of the resonant maximum vs K, the λR vs K was also compared with the same 
plotted from the derived working formula. Figure 6 shows the comparison. In Fig. 6a and b, the symbols represent 
the positions obtained from the full calculation using the JC data, solid lines represent the positions obtained using 
the derived working formula (Eq. 17) with JC data. Similarly, in Fig. 6c and d, the comparison of the positions 
calculated using the two sets of dielectric functions each for AuNPs and AgNPs as given in Table 1 are shown. 
Figure 6validates the derived working formula for both AuNPs and AgNPs, as the values obtained from full spectra 
calculation match very well with the LSPR vs K obtained using the derived formula. The small deviation observed 
for the higher dielectric constant media may be due to the difference between fitted and actual values of ε1. This 
also indicates that even though the fitting was done for a small range of 400-900 nm, the derived working formula 
works well even at higher wavelengths, as the LSPR position for high K values goes well beyond 900 nm. When 
different dielectric functions of AuNPs are considered, as shown in Fig. 6c, LSPR positions vary negligibly. 
However, in case of AgNPs, the positions obtained using the data by AC are higher than those obtained using the 
JC data. The reason for this could be the lower thickness and the annealing conditions used to form the AgNPs in 
case of AC data. Nevertheless, the derived working formula enables one to tune the plasmonic position with desired 
level of control in the entire range of visible region. 
In order to further probe in knowing the mechanism behind the existence of the optimum shape, expression for 
the polarizability was re-written as  
 








                                                                                                            (20) 
Fig. 4. The calculated extinction cross-section (σext) of the isolated AgNPs embedded in different media. 
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Wherein, the factor β (K) does not contain any material information unlike Λ (ε, εd, K) which contains both the 
material properties (through ε and εd) and geometry (through K). It is noteworthy that one of the major contributors 
in deciding the value of σR is the term (volume)2/ λ4 as given in Eq. 4-5. Thus, it is clear that major role of β is to 
Fig. 5. Variation of the resonant value (σR) of extinction cross-section with shape factor showing the optimum 
shape factor of oblate for maximum resonance in different media. The corresponding optimum aspect ratio 
(h/2R) is also indicated in panel. 
Fig. 6. Validation of the working formula by comparison with ‘λR vs K’ obtained from full spectra (a & b), 
and comparison of ‘λR vs K’ with two dielectric functions each for AuNPs and AgNPs (c & d). 
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decide the strength of resonance (the value of σR), as Λ mainly decides the position of resonance. At first glance, 
the form of β (K) gives an impression that it varies linearly with K irrespective of the volume of the particle. 
However, variation of shape keeping the volume fixed need not be an ideal situation always. When the in-plane 
radius (R) is kept constant, the value of h automatically gets changed when K is changed. Therefore, in order to 
know how β changes with K, it is important to know how h changes with K. Figure 7 shows the plot of β vs K.  
The observation from Fig. 7 clearly indicates that there exists a geometry originated resonance which is 
independent of the material properties (εd and ε) and purely depends on the geometry of the particle relative to the 
incident light direction. What is observed in the final extinction spectrum is the superposition of the geometrical 
resonance given by β and the plasmon resonance (material property) given by Λ. When only a sphere or a single 
geometry is considered, the geometrical resonance does not come into picture, resulting in appearance of size 
related variation in the strength of resonance at a fixed wavelength or frequency. When shape is varied, the 
resonance strength varies having geometry originated resonance. Thus, maximum utilization of a given volume of 
the plasmonic nanoparticle involves forming a shape that has the optimum ratio of the dimensions in the direction 
perpendicular to the direction of the incident light relative to the dimension along the direction of light.  
It is important to mention the possible deviations which may appear while making practical use of the derived 
formula. Deviations may appear if (i) the desired LSPR position is beyond 900 nm, (ii) proper value of εd is not 
known/used, (iii) the size is so small that quantum size effect starts appearing in the optical properties, particularly 
in case of AgNPs [30], and (iv) Volume fraction of the metal nanoparticle is high enough to defy the basic 


















The plasmon resonance condition was generalized to include the volume fraction and shape of MNPs. Using 
some of the published dielectric function data, a working formula was derived to show different ways of tuning 
the plasmonic properties of metal-dielectric nanocomposites designed by embedding MNPs inside a dielectric thin 
film. From the analysis of the derived relation, it was found that LSPR of nanocomposites can be varied in the 
entire visible range. The analysis also showed that among the three parameters discussed here, changing shape has 
the maximum effect on shifting the LSPR position. Based on quasi-static theory, the shape dependent extinction 
spectra were calculated for the oblate shaped AuNPs/AgNPs embedded in different media. The analysis of the 
extinction spectra showed that there exists an optimum shape of oblate to give maximum strength of resonance. 
The reason behind the existence of such optimum shape was attributed to the contribution of geometrical resonance 
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